Introduction
Biologically active, low molecular weight peptides, lipopeptides, depsipeptidcs and pepridolactones are found in nearly all groups of microbial organisms. Because of their remarkable structural and functional diversity, these secondary metabolites have attracted great interest in medicine, agriculture and biological research. These linear, cyclic and branched peptide chains include non-proteinogenie, hydroxy-and D-amino acids and may also be modified further through IV-methylation, acylation, glycosylation or heterocyclic ring formation. About 300 different residues are known to be incorporated into these peptide secondary metabolites [l--3] . The ribosomal machinery, which is mainly restricted to linear chains and a limited set of 21 proteinogenic amino acids, clearly cannot achieve this cnormous structural diversity alone. A distinct system, which uses a protein template, is required to introduce the wide range of variability into pepride synthesis [l-5] .
The mechanism of substrate activation in this 'non-ribosomal' pepcide synthesis depends on a two-step reaction that requires amino acyladenylation and subsequent thioesterification on a distinctive thiol group [l-.5] . As in fatty acid synthesis, peripheral cysteine residues were initially proposed as thiotemplate sites and a single intrinsic 4'-phosphopantetheine (4'-PP) cofactor was assumed to he the carrier. This cofactor was thought to interact consecutively with t'lle thioesccrified amino acids, guiding the stepwise elongation reaction of the growing peptide chain. More recently, analysis of various protein templates (peptide synthetases) has revealed that they are composed of a series of modular activating units, each equipped with its own 4'-PP prosthetic group which is required for covalent binding to the substrate [6-B] . According to this model, each activated amino acid is presented as a thioester on a protein template via a unique 4'-PP group. This mode of action has been desig nated the multiple-carrier thiotemplate mechanism [5, 9] .
In this template-driven mechanism, the multifunctional peptide synthetase would be expected to possess a highly conserved tind ordered structure of (semi-)autonomous modules. Previous protein chemical studies revealed proreolytic fragments of -120 kDa, in which each fragment can activate an individual amino acid [10-143. Our undcrstanding of the relationship between structure and function in these enzymes has been enhanced by the elucidation of the primary structures of an increasing number of peptide synthetases [lS--201 . Sequence comparisons revealed that a number of conserved modules, each -1000-1400 amino acids long, are arranged in different patterns in these enzymes; it is the identity of these modules, and the order in which they occur, that deter-mines the sequence of the corresponding peptide product [2, 4, 5, 17, 23] . The repeated modules are themselves composed of a linear arrangement of conserved domains representing [he enzyme activities involved in the catalysis of substrate a'ktivation, modif"cation and condensation [5, [21] [22] [23] . Recently, dissection studies clearly indicated the relative locations and set1uence limits of these domains (Fig. 1) . that are involved in substrate recognition and A'I'P-dependent adenylation (550 amino acids), thioester formation (-100 amino acids), condensation (400 amino acids), and in some cases epimerization (400 amino acidsj or N-methylation (400 amino acids) [5,X?].
The ordered domains of each amino-acid-activating module are assembled from a linear array of highly conserved core sequences ( Fig. 1; k&4 ,17]). Many studies, including sitedirected mutagenesis and photoaffinity labeling, allowed the specific functions of non-ribosomal peptide biosynthesis to be assigned to individual core motifs. For example, these investigations suggested the involvement of core motifs 2-5 in ATP binding and A'I'P hydrolysis {8,24-271. Also, recent studies have provided strong evidence that the 4'-PP prosthetic group is attached to the conserved serine residue of core motif 6, and that the cysteamine thiol group of the cofactor represents the thioester binding site for the amino acid substrate [6-Y] .
'l'he modular arrangement of the peptide synthases and rheir strategy of product assembly is extremely reminiscent of the type I fatty acid synrhases (FASs) and polyketide synthases (PKSs), with which they also share sequence homology [B-30] . FASs and PKSs are multifunctional enzymes that catalyze a repeaccd decarboxylative condensation, commonly between acetyl, propionyl, malonyl or methylmalonyl groups. Following each condensation, FASs catalyze a complete reductive reaction cycle via ketoreducCon, dehydration and enoylreduction of the P-keto group. In contrast, PKSs introduce structural divcrsicy into their products by curtailing some of these reaction cycles. I'crmination of chain elongation may occur by thiolysis or acyl transfer.
The distinction between large multidomain enzymes and enzyme complexes composed of sets of separate freely dissociable proccins is reflected in the overall architecture of type I and type II enzymes, respectively. It appears that the architecture of discrete proteins (type IJ), capable of associating into a multienzyme complex, is appropriate for systems involving multiple repeated reaction cycles. The biosynthesis of a defined peptide product, however, primarily depends on the existence of a template containing the correct order of an appropriate number of substrateactivating (and modifying) moduIes [l-5,21] . So far, the peptide synthases studied, are exclusively the Iarge multifunctional enzymes of modular arrangement (classified as type I [15-201) . Nevertheless, it is believed that each module is composed of distinct domains, which might be expected to retain their function if separated into individual enzymes ES,21,!2].
We recently demonstrated that a core fragment composed of the first 656 residues of rhe peptide synthase involved in the biosynthesis of the cyclic decapeptide antibiotic gramicidin S, GrsA (which is similar to tyrocidine synthctase 1, TycA; see Fig. 1 ) restored all activities of the native peptide synthetase, with the cxccprion of racemization [E!]. A further carhoxy-terminal deletion (100 amino FAS-ACP S. cerevisiae (41) A L - (51) TycA, tyrocidine synthetase 1; act, actinorhodin synthase;
pa, granaticin synthase; km, tetracenomycin synthase. Serine residues shown in yellow are the binding site of 4'-PP. acids) of this core fragment, which removes core motif 6 (LGGDS(L/I)) leads tu an enzyme (domain) that has rhe primary structure of an adenylare-forming enzyme and rhat still shows a phenylalanine-dependent adenylation, but is unable to catalyze thioester formation. Therefore, this 1 00-residue domain was assumed to function as a peptidy1 carrier protein (PCP), carrying the activated amino acids as thioesters tethered to 4'-PP [5, 9, 22] . FASs and PKSs also contain a functionally homologous protein or domain, the acyl carrier protein (ACP), that acts as an essential component of both synthases 131-371. The basic function of this group of enzymes involves the transfer of an acyl group Linked to the sulfhydryl residue of a COVBIcnt!y attached 4'-PP prosthetic cofactor. This family of proteins (ACPs and PCPs) shows high overall similarity around the 4'-PP attachment: site ((L/I)GxDS(L/I); Table 1 ).
Here, we focus on the cloning and biochemical charactcrization of the putative PCP domain of TycA. The fact that we can show phosphopantethrinylation and covalent , thioester binding of phenylalanine in PCP strongly supports both the multiple carrier model of non-ribosomal peptide biosynthesis and the peptidyl carrier activity of the thiolacion domain. The thiolation domain can clearly function as a distinct enzyme, supporting the notion that peptidc synthetases are arranged in modules. In addition, we demonstrate that a setf-assembIcd module (type II synthetase), consisting of the adenylation domain of GrsA and the peptidyl carrier domain of TycA has activity in U&U.
Results and discussion
Cloning and expression of the TycA thiolation domain
To illustrate the biochemical features of a putativi peptidy1 carrier domain obcaincd from a distinct amino-acidactivating module, we have amplified and cloned the PCP coding region of TycA 138,391. Primers for the polymerase chain reaction (PCR) were chosen after consideration of the primary structure of common ACPs involved in fatty acid or polyketide synthesis [31-371. These ACPs are -100 * 25 amino acids long, with the active site serine residue generally located -44 amino acids upstream of the carboxyl-terminus (Table 1) . We also bore in mind the point at which the homology between exclusively adenylateforming enzymes and peptide synthetases terminates, that is, -SO amino acids upstream of the 4'-PP binding site (core motif 6; [17]). Previous dissection studies established that the thiolation domain is the carboxy-terminal region (-100~amino-acid extension) of an adenylation domain [22] . The coding region of the putative peptidyl carrier domain of TycA has been amplified and cloned (Fig. 1) .
The primary structure of PCP and the location of the 4'-PP binding site are summarized in Figure 1 and Table 1 . The chiolation domain is composed of 11.5 residues (including H&-tag), and has a deduced moIecular weight of 13.12 kDa. Interestingly, the isoelectric point and net charge (at pH 7.0) of PCP significantly deviates from that known for type II ACPs. Fo; example, the corresponding ACP-His6 fusion protein of Es&&-~& co/i [35] , which has 84 residues (molecular weight of 9.82 kDa), represents a small acidic (PI = 4.43) and anionic (net charge of-13.89, at pH 7.0) enzyme. In contrast, the thiolation domain of TycR is almost neutral, having a pI of 7.09 and a net charge of 0.2 (at pH 7.0). The significance of these differences remains unclear at present; however, ic must be considered that the PCP (domain) is only a segment of a multifunctional protein, and normally acts in cdncert with other domains, not separately.
Amplification and cloning of the thiolation domain was performed as described in Materials and methods. The junctions between vector and insert DNA were sequenced to confirm the correct integiation ofp@ and to ensure that the insert was ligated in frame with the carboxy-terminal His6 tag. The fermentation parameters (culture medium, temperature and isopropyl-P-D-thiogalactopyranoside ( were first optimized. Using these conditions, a high-level expression was obtained for PCP as a predominantly soluble cycoplasmic protein (Fig. 2) .
The cells overproducing PCP were resuspended in sonication buffer and lysed (Material and methods). After sonication and centrifugation the supernacant was adjusted to 30 mM imidazole and applied to a Ni2+-charged chelating agarose, previously equilibrated with the same buffer. The addition of imidazole to the application buffer increased the stringency of the washes, considerably reducing unspecific binding on the column. When a linear gradient of imidazole was applied, PCP eluted within a single peak at a concentration of about 150 mM imidazole. Appropriate protein fractions were pooled, dialyzed against assay buffer, and the protein content was quantified. We purified the recombinant PCP tu apparent homogeneiry. SDSpolyacryiamide gel gave an apparent molecular mass of -16 kDa, 3 kDa larger than expected. It is common for small proteins carrying Hish tags to migrate more slowly on SDS gels than do equivalent untagged proteins.
Conversion of apo-PCP to holo-PCP
The most significant feature of ACPs and PCPs is their prosthetic group, 4'-PP [6] [7] [8] [9] 36, 40] which is attached co an absolutely conserved serine residue ( peptide synthetase during the sequential addition of up to 15 amino acids).
Recently, the enzyme catalyzing the phosphopaotctheinylation of the ACP in E. rnii (holo-ACP synthase; ACPS), has been cloned and characterized by Lamhalot and Walsh [40, 41] . Previous studies had revealed that several recombinant peptide synthetases expressed in E. coli were only partially pantetheinylated [8, 22] . Until recently, nothing was known about the enzyme(s) that is presumabIy similar to ACPS, the specific 4'-PP-acyltransfcrase that catalyzes the posttranslational modification of peptide synthetascs with the cofactor 4'-PP. A novel group of small proteins (-30 kDa), whose genes were previously shown to be associated with peptide antibiotic production 142,463, are now known to catalyze the modification of peptide synthetases from the apo-co the holo-enzyme (Lambaloc era/.
[47], this issue). In this context, co-expression of pep with gsp, encoding the phosphopantetheinyl transferasc Gsp associated with the gramicidin S biosynthetic operon, led to an increased pro- is a panL) mutant defective in the biosynthesis of p-alanine, a precursor of pantothenate (Fig. 6 ). After p-alanine starvation, cells were used ro inoculate a minimal medium supplemented with [3H]-tabeled p-alanine. Expression and purification of the thiolation domain were performed as previously described. Total cellular exrcacts before and after induction were analyzed by SDS-PAGE (as was affinity-purified PCP) (Fig, ,3) . After affinity purification using chelate chromatography, the 16 kDa protein was only detected in the eluant (lane 3), clearly defining this protein as the His{,-tagged PCP. Small quantities of this protein are present before induccion (lane 1) indicating that the T5 promoter controlling pep expression was slightly leaky. The amounts of labeled h&-AU and holo-PCP, observed by SDS-PAGE, are similar; however, the comparative analysis of the amount of radiolabeled and expressed PCP clearly verifies that only a small portion of rhe thiolatian domain was modified (data not shown). This could be explained by a low concentration of modifying enzyme(s), insufficient CO alter the entire ACP and PCP pool expressed, or by assuming that ape-PCP is a poorer substrate for E. cob 4'-
PP-transferase(s). Lambalot et al. [47] (this issue) have
shown that ACPS modifies ACP of E. co& whereas a different enzyme, EntD, modifies EntF and PCP ia V&W. Since ACPS has no affinity to PCP, the observed conversion of apo-to hoto-PCP should be attributed to EntD activity. Nevertheless, our results clearly demonstrate char @-["HI-alanine is incorporated into PCP, modifying it from the apo-to the holo-protein. Post-translational modification is also observed by mass spectroscopy; recombinant PCP has a molecular weight of 13.13 kDa for rhc apo protein and 13.431 kDa for the holo protein [47] . This might indicate chat PCP should be a functional enzyme, which is most likely to act as an amino acyl or a peptidyl carrier during non-ribosomal peptide synthesis.
Acylation of holo-PCP
The substrate activation during non-ribosomal pepcide synthesis includes the covalent binding of the carboxylactivated amino acid as a thioester via the enzyme-linked cofactor 4'-PI' [l-.5] . Recently, we reported on the functional dissection of the peptide syncherase GrsA, involved in the biosymhesis of the cyclic decapeptide antibiotic gramicidin S in Bacdhs brtvis ATCC 9995, [Z?]. Hccc, we describe two deletion mutants: Phch, composed of the primary structure of a solely adenylate-forming enzyme but lacking the 4'"PP attachment site and therefore i&a-pable of covalendy binding the subscrate, and PheAT [22] , which retains the thiolation domain (PCP).as a carboxyterminal extension of the adcnylation domain mentioned above restoring its ability to form the thioester bond. These results confirmed that PCP flmctions as an amino acyl and peptidyl carrier during the directed synthesis of a pepride product from a protein template [.5,9] .
To investigate the enzymatic role of PCP as an independent amino acyl or peptidy carrier protein, we have performed the thioesrer fortnation assay (Materials and methods) using a mixture of the adenylation domain (PheA) of GrsA and PCP. In this reaction, PheA should caralyze the formation of an amino acyladenylate. This ._-& Biology 1996, Vol3 No 1 1 I relatively unstable int-crmediace should then be stabilized by thioesterification on the prosthetic 4'-PI' group of PCP. No thioesrer formation was detectable when only PheA is present, as expected (Fig. 4) . The low level of [14C]phenIalanine bound to PheA is in good agreement wirh values measured for mutants that were incapable of covalent binding of the substrate amino acid, for example when the active site serine residue of core motif 6 was mucated to alanine [8, 22] . The addition of low concentrations of PCP (75 pmol) resulted in a significant, lo-fold increase in [14C]phenylalanine incorporation; however, the amount of covalently bound, acid-stable label constantly increased with the amount of PCP available. Most notably, an equimolar ratio (150 pmol) of PheA and PCP, in effect representing a multienzyme type II variant of PheAT, gave approximately the same level of [14C]phenylalanine incorporation (-80 %) as did the undissected bifunctional PheA'1' enzyme (Fig. 4). The nature of the thioescer linkage was confirmed by its stability to acid treatment and its susceptibility to base hydrolysis [8, 22, 48] . Moreover, PCP contains no cysteine residues (Fig. l) , indicating that the thiol group of the 4'-PP cofactor is the only possible thioester binding site on the holo enzyme.
These results clearly indicate that PCP is involved in covalent thioester binding of the activated substrate amino acid in peptide synthesis. To confirm that the label is on PCP not PheA, we have separated the reaction mixtures by SDS-PAGE. Some of the label remained associated with the adenytation domain even in the absence of PCP (Fig. 5) . But addition of PCP to the reaction mixture caused a new signal, corresponding to PCP, to appear, and did not increase the amount of label associated with PheA. Taken together with the results of the chioester formation assay, this confirms that PCP is indeed aminoacylated. The scheme shown in Figure 6 5'-AAC CCA TGfi ACA AAA TGC CGC TTA CGG CA-3'; and 3.'.PCP-BgI: 5'CCT AGA TCf CGT CGT GCT CTT GAG AAA AAG-3'. /3-(3Hlalanine incorporation E. co/i strain SJI 6 doanD), a p-alanine auxotroph [36] , was transformed with pPCP-His, maintained for 36 h at 37'C on agar plates with M9 minimal medium supplemented with 10 pg ml-' tetracycline and 50 &g ml-' ampicillin.
A single colony was used to inoculate 1 ml minimal medium E supplemented with 0.5 % D-ghCOSe, 3 FM thiamine, t 30 WM methionine, 10 FM @-alanine and 50 pg ml-' ampicillin. Cells were grown overnight at 37" C, harvested and washed four times in 500 ~1 medium E (without p-alanine) to remove any traces of unbound p-alanine I&361. 
